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We examine physical properties of several galaxy clusters located within the
Aquarius (AQR) and Microscopium (MSC) super-cluster complexes via their luminosity
functions, fitted using Schechter functions. Images of clusters were acquired via the
DECam (Dark Energy Camera) imager of the 4-meter diameter telescope at CTIO
(Cerro Tololo Inter-American Observatory). We observe six clusters in our sample; four
from the Aquarius supercluster (AQR 2541, 2546, 2554, 2555) and two from the
Microscopium supercluster (MSC 3695, 3696). Magnitude information and density of
member galaxies in each cluster were extracted via the SExtractor software utility from
obtained images. We correct for background by sampling and subtracting non-cluster
regions of our images.
We construct luminosity functions (observations of magnitude vs cluster galaxy
number density) for each cluster in our sample. Schechter functions are fitted to
luminosity functions via chi-squared minimization. Fitted Schechter parameters 𝛼
(characteristic slope) and 𝑀∗ (characteristic magnitude) of samples are compared to

parameters given in other publications of clusters of different environments and redshift.
Derived Schechter parameters for Aquarius clusters suggest low cluster richness,
possibly due to an abundance of dwarf galaxies within the region.
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CHAPTER 1
INTRODUCTION
1.1 Galaxy Clusters
First cataloged by George Abell, galaxy clusters are gravitationally bound
clusters of galaxies within a radius of 1.5h−1 Mpc (Abell 1958). Abell’s definition of
clusters is still recognized to this day; he assumed an antiquated Hubble constant of
H0 = 180 km/s/Mpc (Humason et al. 1956). This radius is an angular distance only,
given:

ℎ=

𝐻0
100 𝑘𝑚 𝑠 −1 𝑀𝑝𝑐 −1

(1)

which is independent of the current (contested) estimations of H0: 67.4 (Sedgwick et al.
2020) and 73.2 (Baxter et al. 2021).
These clusters have the potential to be gravitationally bound to other clusters,
forming larger structures known as superclusters (Abell 1961). Superclusters are the
largest structures in existence. Within these structures, there is evidence to the
existence of filamentary superstructure between dense regions of gravitationally bound
clusters (Batuski et al. 1999). The effect of this filamentary superstructure on the
properties (morphology, richness, gas distribution, etc.) and evolution of nearby clusters
is largely unknown.
A number of candidates for clusters gravitationally bound to neighboring clusters
were identified by Batiste (2014), including clusters within the Aquarius Microscopium,
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and the Corona Borealis superclusters from the findings of Pearson et al. (2013).
Having the possibility of nearby superstructure, these clusters are ideal targets in
surveys aiming to discern the effect of said superstructure on the evolution and
structure of the gravitationally bound clusters.
1.2 The Luminosity Function
The luminosity function (number density of galaxies binned in luminosity) is a
fundamental tool used in statistical studies of clusters. The luminosity function of a
cluster can be parametrically defined by the Schechter luminosity function (Schechter
1976), having form:

𝜙∗ 𝐿 𝛼
𝐿
𝜙(𝐿) = ( ∗ ) ( ∗ ) 𝑒𝑥𝑝 (− ∗ )
𝐿
𝐿
𝐿

(2)

describing a cluster’s characteristic density (𝜙) (number of galaxies per unit volume
binned in luminosity 𝐿). Three free parameters, 𝐿∗ , 𝛼, and 𝜙 ∗ must be determined
empirically. The characteristic slope (𝛼) refers to the slope of the luminosity function at
the faint end. The characteristic luminosity (𝐿∗ ) refers to the luminosity of the luminosity
function where the exponential (bright end) and the power law (faint end) converge.
The parameter 𝜙 ∗ provides normalization. In terms of magnitude, the Schechter
function has form:

𝜙(𝑀) = (0.4 𝑙𝑛10) 𝜙 ∗ (100.4(𝑀

∗ −𝑀)

)1+𝛼 𝑒𝑥𝑝(−100.4(𝑀

where 𝑀∗ refers to the characteristic magnitude; the magnitude of 𝐿∗ .
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∗ −𝑀)

)

(3)

The three free parameters, 𝑀∗ , 𝛼, and 𝜙 ∗ , are often dubbed the “Schechter
parameters”. These three parameters are often used to test the universality of the
luminosity function, however there is some uncertainty to the effect of cluster
morphology (cluster properties) on the values of these Schechter parameters for local
clusters (Paolillo et al. 2001). Surveys of clusters often find no correlation between the
Schechter parameters of one cluster to another, even if they exhibit similar morphology.
Recent studies, such as Moretti et al. (2015), attribute this uncertainty to the lack of
high-quality data in the faint end, where detection and classification of objects is prone
to error. It is suggested that luminosity functions constructed from high-quality images,
especially in the faint-end, could potentially provide correlating Schechter parameters
and provide insight into the universality of the luminosity function.
In this paper, we construct the luminosity functions of several clusters located in
high-density environments using high-quality images (chapter 2). The Schechter
parameters obtained from these luminosity functions are compared to parameters of
other Abell clusters located in a range of environments (chapter 3).
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CHAPTER 2
LUMINOSITY FUNCTIONS OF CLUSTERS
2.1 Sample Selection
We sample nearby superclusters (z ≈ 0.1) containing likely gravitationally bound
(to neighboring) Abell clusters. Target superclusters include the Aquarius Supercluster
and the Microscopium Supercluster.
2.1.1 The Aquarius Supercluster
The Aquarius Supercluster (AQR), first identified by Abell (1961), is a rich
supercluster located at ~0.11 in redshift. Detailed surveys of the region suggest the
region contains a filamentary structure encompassing 14 Abell clusters extending
~110h-1 Mpc (Batuski et al. 1999), noting similarities to observations of the Corona

Borealis Supercluster (CSC) performed by Postman et al. (1988). Postman’s
observations of CSC suggested gravitational binding between core clusters,
encouraging similar conclusions to AQR’s core region by Batuski et al. (1999). Further
observations by Pearson et al. (2013) determine several pairs of core AQR clusters,
specifically A2554 and A2555 along with A2541 and A2546, have a high likelihood
(~30%) to be gravitationally bound pairs.
Our observations of the core Aquarius clusters aim to identify any irregularities in
the luminosity functions of these potentially bound clusters. Furthermore, we examine
the luminosity function of the potential superstructure between A2541 and A1546 in
contrast to clusters located in more isolated environments (see chapter 3) to probe the
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universality of the luminosity function between isolated and possible gravitationally
bound clusters. Aquarius clusters A2548 and A3985 are located outside the coverage
of our images and are not included in this survey.
2.1.2 The Microscopium Supercluster
Located at z ≈ 0.09, the Microscopium Supercluster (MSC) is another candidate
for containing core clusters that are likely gravitationally bound. Observations by
Pearson et al. (2013) suggest with a ~76% probability that clusters A3695 and A3696
are gravitationally bound to each other. For similar reasons as to our observations of
our target AQR clusters, we examine the luminosity functions of A3695 and A3696.
Microscopium clusters A3677, A3693, and A3705 are located outside the coverage of
our images and are not included in this survey.
2.2 Image Acquisition
The Aquarius (AQR) and the Microscopium (MSC) both exhibit the potential to
contain gravitationally bound structures. Unfortunately, little high-quality (deep)
observational data exists for these superclusters (Batiste 2014). A significant number of
AQR and MSC clusters lack in-depth investigations into their structure, which could
provide interesting results due to their existence within a (at least partially) bound
supercluster. To shed some light into these potentially unique clusters, we target
suspected bound groups of Abell clusters within the AQR and MSC superclusters.
We utilize calibrated images of the AQR and MSC superclusters taken recently
from Rice (2021) in 08/2015. Images were taken by the Dark Energy Camera (DECam)
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imager of the Victor Blanco 4-m telescope located at the Cerro Tololo Inter-American
Observatory (CTIO), Chile.

Figure 1. Orientation of CCDs of DECam imager of the Victor Blanco 4-m telescope at
CTIO (Flaugher et al. 2015).

With an array of 62 CCDs (see figure 1), the instrument provides a field of view of
2.2 deg with a pixel scale of 0.2637 arcsec/pixel (Flaugher et al. 2015). Edge
contamination between adjacent CCD images was eliminated by stacking multiple
images, offsetting slightly between exposures.
2.2.1 Aquarius Clusters
We observe four Abell clusters located within our image of the AQR supercluster.
Image was taken in the r-band (5400 - 7350 Å).
6

Figure 2. Locations of target clusters within the Aquarius supercluster, visualized via
DS9 (out to the Abell radius). Imaged by the DECam imager of the Victor Blanco 4-m
telescope located at CTIO, Chile.

Abell #

RA

DEC [deg]

z

VHelio [km/s]

DH [Mpc]

A2541

23:10:04.0

-22.961833

0.11350

34026.4487

497.12±34.80

A2546

23:10:46.0

-22.661647

0.11300

33876.5525

494.90±34.64

A2554

23:12:20.7

-21.500556

0.11080

33217.0090

485.12±33.96

A2555

23:12:45.0

-22.211127

0.11060

33157.0505

484.27±33.90

(Piffaretti 2015) (Caretta 2002)
Table 1. Location and distance information of AQR clusters along with derived
quantities, provided by NASA/IPAC Extragalactic Database with H0 = 67.8 km/s/Mpc.
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2.2.2 Microscopium Clusters
We observe two Abell clusters located within our image of the MSC supercluster.
Image was taken in the r-band.

Figure 3. Locations of target clusters within the Microscopium supercluster, visualized
via DS9 (out to the Abell radius). Imaged by the DECam imager of the Victor Blanco 4m telescope located at CTIO, Chile.

Abell #

RA

DEC [deg]

z

VHelio [km/s]

DH [Mpc]

A3695

20:34:47.9

-35.813333

0.08940

26801.4495

392.28±27.46

A3696

20:35:10.0

-34.910380

0.08820

26441.6985

386.93±27.09

(Struble 1999)
Table 2. Location and distance information of MSC clusters along with derived
quantities, provided by NASA/IPAC Extragalactic Database with H0 = 67.8 km/s/Mpc.
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2.3 Source Extraction
Given the expected large number of objects in our sample, sources are extracted
automatically via the Source Extractor software utility (SExtractor) (Bertin & Arnouts,
1996). SExtractor provides an automated solution for extracting location and
photometric information for sources located in crowded environments. In particular to
this project, SExtractor allows for the complete classification of individual galaxies
located within our target clusters.
SExtractor performs multiple steps to the location and photometric information of
our sources:
1: Object Detection: An object is identified by SExtractor when the pixel values
within a user defined area exceed a threshold value. This value is set to be
above a background value, which is estimated by averaging all pixels over a
large area, with 3σ clipping.
2: Source Separation: The previous step only identifies contiguous areas with
pixel values above that of the background. An additional step is necessary to
separate areas containing multiple sources. For an area containing multiple
sources, multiple peaks exist within the count distribution. If a peak contains a
user-defined fraction of counts above the total counts for the area, SExtractor
will classify the peak as an individual source.
3: Photometry: SExtractor allows for multiple different approaches in calculating
the photometry of a source. For our observations, we used the MAG_BEST
magnitude estimation. This estimation uses a combination of two different
9

magnitude estimations. For isolated sources, SExtractor measures the flux
within a user-defined elliptical aperture around the source. The radius of the
aperture is that of the Kron radius (first moment of the source’s light profile)
(Kron, 1980). For non-isolated sources, photometry is only done above a
manually assigned threshold.
4: Classification: Given geometric information (ellipticity) provided by the previous
step, sources are assigned a STAR_CLASS value, classifying (to some
confidence) it as a star or a galaxy.
By applying the SExtractor utility to our images of the AQR and MSC
superclusters, we extracted location and magnitude information for a substantial
number of sources (200,000+ per image) within the images.
2.3.1 Source Classification
Using the geometric and photometric information obtained in the previous steps,
SExtractor attempts to classify each source. This is done by assigning each source a
rating, dubbed STAR_CLASS, between 0 (galaxy) and 1 (star). High magnitude objects
are more confidently classified by the STAR_CLASS parameter compared to those of
lower magnitude. The classification becomes increasingly unpredictable towards the
faint end, with a sudden drop in confidence around 22.5 in apparent magnitude. For
this reason, we impose a hard magnitude cut at 22.5 mag, along with an additional cut
at 0.5 for STAR_CLASS. This cut removes approximately 90% of sources from our
original sample. At this point, we consider any remaining sources to be galaxies, having
the stars removed by the cuts.
10

Figure 4. Star-galaxy estimation by SExtractor for the target Aquarius clusters, along
with magnitude and SC cuts.

2.4 Subtraction
In order to construct luminosity functions for our target clusters, we first need to
determine which objects in our image belong to a cluster. For a survey of galaxy
clusters, it is common to use the Abell radius (1.5h−1 Mpc) from cluster center as a
criterion for cluster membership (Abell 1958). To determine cluster membership, we
apply a restriction of one Abell radius from cluster center, using the object locations
determined by SExtractor.
2.4.1 Background Subtraction
At this point in the subtraction process, we have determined the locations off all
galaxy-like objects within range of the estimated center of a cluster to be likely members
11

of said cluster. However, we lack distance information for each individual object. The
absence of this information prevents targeted subtraction of foreground and background
galaxies that do not belong to our cluster, but still lie within the area defined by the one
Abell radius cut we applied previously.
To account for the foreground and background contamination, we first sample
relatively empty regions of our image. The regions we sample were determined by
constructing a contour map from the locations of objects determined by SExtractor. By
assuming a flat uniform background over the entirety of our image, a sample taken from
the lowest density regions (over the same area as our clusters) provides a sufficient
estimation for the amount of foreground/background galaxies to be subtracted from our
cluster number counts. To avoid subtracting possible superstructure between our
clusters, we exclude regions within one Abell radius of our target clusters from the
background subtraction. We also exclude regions near the edges of the images, which
are prone to artifacts.
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Figure 5. Contour map of the locations of galaxies within the image of the Aquarius
supercluster for background subtraction. Target clusters are excluded from the image,
out to one Abell radius. Arbitrary z-scale of galaxy number density (right).

2.4.2: Possible Superstructure
One final correction was necessary to account for the fact of the close proximity
of A2541 and A2546 to one another. There is considerable overlap between the Abell
radii of the two clusters. Furthermore, the two clusters are located at similar redshifts
(Piffaretti et al. 2015), leaving little means to discern cluster membership between the
two clusters within the overlapping areas.
When observing a contour map of the galaxy population in the surrounding area,
we notice an elongated structure encompassing the area between the two clusters.
This is a possible indication of the existence of a larger superstructure within the area.
With no straightforward means to accurately separate the galaxy populations of A2541
and A2546, we instead focus on the possible superstructure.
To define the area of the superstructure, we draw an ellipse centered on the
positional average of the 100 brightest galaxies within one Abell radius of A2541 and
A2546. We adjust ellipticity and rotation until galaxy membership is maximized within
the ellipse. The area of the ellipse is kept constant, equaling that of the other clusters in
the image (circle of one Abell radius). This new region, dubbed “A2541/6”,
encompasses the higher density regions of both A2541 and A2546, along with the
possible superstructure between the two clusters.
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Figure 6. Contour map of proposed cluster A2541/6. The elliptical area of the cluster is
kept consistent with the areas of our other target clusters. Arbitrary z-scale of galaxy
number density (right).

2.5 Fitting
We subtract background counts from our initial observations. We construct
luminosity functions by plotting number density (𝜙, having units of number per 0.5
magnitude per square degree) vs absolute magnitude (M), binned in increments of 0.5
mag. We apply the Schechter Fit to the data via chi-squared minimization of our
Schechter parameters 𝛼 and 𝑀∗ (characteristic slope and characteristic magnitude).
Chi-squared fitting was completed via NLFit, a nonlinear curve fitting tool provided by
Origin, a data analysis software by Originlab. We determine 𝜙 ∗ (normalization density)
by dividing the total galaxy count (N) by the circular area (in Mpc2) for each cluster. We
observe the following results:
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Figure 7. Luminosity function of AQR clusters, fit to the Schechter function.

Abell #

N

𝛼

Err(𝛼)

𝑀∗

Err(𝑀∗ )

A2541/6

1366

-1.13

0.03

-20.71

0.17

A2554

1484

-1.23

0.01

-21.56

0.14

A2555

1058

-1.40

0.06

-20.48

0.33

Table 3. Observed Schechter parameters from fitting AQR luminosity functions.
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Figure 8. Luminosity function of MSC clusters, fit to the Schechter function.

Abell #

N

𝛼

Err(𝛼)

𝑀∗

Err(𝑀∗ )

A3695

580

-1.08

0.02

-22.69

0.32

A3696

506

-1.13

0.02

-21.85

0.28

Table 4. Observed Schechter parameters from fitting MSC luminosity functions.
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CHAPTER 3
DISCUSSION
3.1 Results
We observe a wide range of values of our Schechter parameters, 𝛼 and 𝑀∗ ,
across our target clusters, as seen in figures 7 and 8. In order to examine the
significance of our observed Schechter parameters, we compare our results to the
results of two other surveys of Abell clusters. These surveys target clusters at redshift
rangers different to those of our clusters. While we target clusters of dense
environments, our comparison surveys impose no restrictions on cluster morphology,
allowing for a more complete comparison of our Schechter parameters.
Our first comparison is to the results of Moretti et al. (2015) (known henceforth as
M15), which targets 72 WINGS (WIde-field Nearby Galaxy-cluster Survey) clusters.
The purpose of M15 is to test the “universality” of the Schechter function to the
luminosity functions of clusters of a wide range of properties. M15 target nearby
WINGS clusters with a redshift range of 0.04 – 0.07. Luminosity functions were
constructed via SExtractor. After applying Schechter function fits to their luminosity
functions, M15 found no clear correlation between cluster characteristics and the faint
end of the luminosity function.
Our second comparison is to Lugger (1985) (known henceforth as L85), targeting
9 Abell clusters for similar reasons as M15 (testing the universality of the Schechter
function). The targeted clusters are in a redshift range of 0.02 – 0.04, differing largely in
cluster morphology.
17

We observe the following results when comparing our data to M15 and L85:

Figure 9. Comparison of Schechter parameters of target clusters to those of other
surveys of Abell clusters.

As seen in figure 9, the Schechter parameters derived for our target clusters fall
in line with the results of M15 and L85 for A2554, A3695, and A3696. Meanwhile, the
Schechter parameters for A2555 and A2541/6 fall substantially outside the expected
range. We suspect this is likely due to the relatively high density of AQR’s core region.
The possible existence of an underlying superstructure might also explain the
discrepancy.
A previous study of 81 Abell clusters from Piranomonte et al. (2001) (known
henceforth as P01) of redshift range 0.08 – 0.4 observed some correlation between
cluster richness and Schechter parameters. When comparing Schechter parameters,
rich (R≥1) clusters tend to exhibit higher values for 𝛼, and lower values for 𝑀∗ (placing
them towards the lower right in figure 9). Meanwhile, poor (R<1) clusters tend to exhibit
18

lower values for 𝛼, and higher values for 𝑀∗ (placing them towards the upper left in
figure 9). With that in mind, the locations of A2555 and A2541/6 in figure 9 suggests the
clusters are relatively poor in richness compared to the typical Abell cluster. Low
richness stipulates the cluster hosts a large fraction of dwarf galaxies according to
Driver et al. (1998). This is contrary to the richness class originally assigned by Abell et
al. (1989), who assigned a richness class of 1 to A2555 and 2 to both A2541 and
A2546. It is possible that Abell was handicapped by the relatively high density of the
background and foreground (see figure 10) of the Aquarius supercluster, assigning high
richness values to actually poor clusters (as suggested by their luminosity functions).
Our observations suggest local cluster density may have some effect on cluster
richness, as seen in our derived Schechter parameters for our AQR clusters. Our
observed Schechter parameters for our MSC clusters show no noteworthy results.

Figure 10. Subtracted background from luminosity functions of Aquarius and
Microscopium clusters.
CHAPTER 4
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SUMMARY
4.1 Review
Images of several galaxy clusters within the Aquarius and Microscopium
superclusters were acquired via the DECam imager of the 4-meter diameter telescope
at CTIO. Magnitude information and cluster density for target clusters was extracted via
the SExtractor software utility, out to a radius of one Abell radius (1.5h-1 Mpc). Galaxies
were isolated from images by excluding any source with a <.5 Star_Class rating
(star/galaxy confidence value assigned by SExtractor). We accounted for background
by sampling under-dense regions of the images and subtracting from our initial counts.
Luminosity functions were constructed by plotting 𝜙 (cluster density) vs M
(absolute magnitude), binned in increments of .5 mag. We then fit the luminosity
functions of each cluster with the Schechter function by chi-squared fitting the
Schechter parameters 𝑀∗ (characteristic magnitude) and 𝛼 (faint end slope). We
determined 𝜙 ∗ (normalization density) by dividing the total galaxy count by the spherical
volume (in Mpc3) for each cluster.
Results of fitting the luminosity functions for our target galaxies can be seen in
figures 7 and 8. When compared to other surveys of Abell clusters, we observe normal
values for 𝑀∗ and 𝛼 for our Microscopium clusters. The luminosity functions of these
core Microscopium clusters exhibit no unusual properties, suggesting these clusters
exhibit similar morphology as clusters located in more isolated environments. For our
Aquarius clusters, we observe statistically higher values for 𝑀∗ and lower values for 𝛼,
especially for A2541/6 and A2555.
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Our observed Schechter parameters for our Aquarius clusters suggest a lack of
cluster richness within the supercluster, which differs significantly to Abell’s estimation
of cluster richness in Abell 1958. This is likely due to the relatively high density (see
figure 10) of the Aquarius region, which could possibly allow Abell to overestimate the
richness of the clusters within. Luminosity functions provide for a more reliable estimate
of cluster richness.
The abnormally low Schechter parameters observed for our Aquarius clusters
could indicate that the relatively high density of the region may have an effect on the
morphology of the clusters within. However, due to the high background of the region,
the effect of the spatial density of clusters within the supercluster is impossible to
discern without a larger sample and more precise methods of determining cluster
membership.
4.2 Future Work
Further insight could be gained from additional observations of clusters located in
dense environments. From the observations of Batiste (2015), a few possible
candidates could be selected from the core regions of the Corona Borealis
Supercluster, along with clusters in the Shapley supercluster. High quality observations
of these regions would be required for the construction of luminosity functions. It would
also be beneficial to image and construct luminosity functions for the AQR and MSC
clusters not targeted in this paper (Aquarius clusters A2548 and A3985, Microscopium
clusters A3677, A3693, and A3705).
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Observations of our clusters were limited to a fixed area of one Abell radius from
cluster center. This approximation of cluster shape works well for isolated clusters,
however our clusters are located in relatively dense environments. It is likely more
accurate results could be obtained by restricting cluster area to regions mapped out by
x-ray observations, where the intergalactic medium within a cluster is observable. Highquality x-ray observations of the region would be required.
Furthermore, our results could potentially be improved by fitting our luminosity
with Double Schechter functions instead of Single Schechter functions. Double
Schechter functions are the sum of two single Schechter functions; one weighted
towards the bright end and the other to the faint end of the luminosity function. It has
the following form:
𝛼𝑏

𝐿
𝜙(𝐿) = 𝜙 [( ∗ )
𝐿𝑏
∗

𝛼𝑓

𝐿
𝐿∗𝑏
𝐿
𝑒𝑥𝑝 (− ∗ ) + (− ∗ ) ( ∗ )
𝐿𝑏
𝐿𝑓 𝐿𝑓

𝑒𝑥𝑝 (−

𝐿
)]
𝐿∗𝑓

(4)

Where 𝐿∗𝑏 and 𝐿𝑓∗ are the respective bright and faint end characteristic luminosities, and
𝛼𝑏 and 𝛼𝑓 are the respective bright and faint end characteristic slopes.
Previous studies have suggested Double Schechter functions could better
describe clusters have high-quality photometry available (Pozzetti et al. 2010). Due the
limitations of SExtractor with the currently quality of our images, we were forced to
impose a magnitude cut at the faint end of our luminosity functions. If we were to
acquire higher-quality (deeper) images, we would benefit further from Double Schechter
functions.
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APPENDIX A
Additional Figures
A2554

A2555

A2546

A2541
● m < 16

● 16 < m < 20

● 20 < m < 22.5

Figure A1. Galaxies, weighted by apparent magnitude, within one Abell radius (circle)
of target Aquarius clusters. Locations determined by SExtractor. Overlapping regions of
neighboring clusters are included for clarification.
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A3696

A3695
● m < 16

● 16 < m < 20

● 20 < m < 22.5

Figure A2. Galaxies, weighted by apparent magnitude, within one Abell radius (circle)
of target Microscopium clusters. Locations determined by SExtractor.
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APPENDIX B
SExtractor Configuration Parameters

Figure A3. Configuration parameters input into SExtractor to extract location and
magnitude information from images.
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